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We observe a disappearance of the 1/3 magnetization plateau and a striking change of the mag-
netic configuration under a moderate doping of the model triangular antiferromagnet RbFe(MoO4)2.
The reason is an effective lifting of degeneracy of mean-field ground states by a random potential
of impurities, which compensates, in the low temperature limit, the fluctuation contribution to free
energy. These results provide a direct experimental confirmation of the fluctuation origin of the
ground state in a real frustrated system. The change of the ground state to a least collinear config-
uration reveals an effective positive biquadratic exchange provided by the structural disorder. On
heating, doped samples regain the structure of a pure compound thus allowing for an investigation
of the remarkable competition between thermal and structural disorder.
Triangular-lattice antiferromagnets (TLAF) form a
popular class of magnetic materials that provides
paradigmatic cases of magnetic frustration [1] and in-
trinsic multiferroicity [2, 3]. A spectacular manifestation
of frustration in TLAFs is the 1/3 magnetization plateau
with the up-up-down (uud) spin structure stabilized by
fluctuations out of a degenerate manifold of classical
ground states [4–6]. A 1/3 magnetization plateau has
been experimentally observed in a number of TLAFs [7–
11]. Generally, it is a challenging task to distinguish the
pure frustration-driven plateaus from those produced by
additional perturbations, such as an Ising anisotropy or
magnetoelastic coupling. The latter mechanism is re-
sponsible for the 1/2 magnetization plateau in chromium
spinels [12–14], whereas an Ising anisotropy may con-
tribute to the 1/3 plateau in some triangular antiferro-
magnets [9, 10]. Thus, a direct verification of the plateau
mechanism remains a pressing issue in the field of frus-
trated magnetism.
An experimental test to determine if fluctuations are at
the origin of the magnetization plateau states in TLAFs
has recently been suggested [15]. It was shown theoreti-
cally that the frustration-driven plateaus become unsta-
ble in the presence of a weak structural disorder either
in the form of nonmagnetic dilution or as an exchange-
bond randomness. Weak disorder in frustrated magnets
makes an energetic selection among degenerate ground
states that competes with the effect of thermal or quan-
tum fluctuations. Besides the plateau smearing, in fields
below the plateau, the structural disorder may also sta-
bilize umbrella- or fan-type magnetic structures instead
of the more collinear states selected by fluctuations in
clean TLAFs [4–6]. The strong influence of a weak
doping is due to a high degree of degeneracy in a mag-
net with a fluctuation-selected ground state and will not
give a comparable effect in systems with a pronounced
minimum of the mean-field energy. Thus the experimen-
tal observation of the plateau vanishing and of a ground
state changing on doping serves as direct evidence of the
fluctuation origin of corresponding phases in pure crys-
tals with magnetic frustration. At the phenomenological
level, the effect of structural disorder on degeneracy lift-
ing in frustrated magnets may be represented by an ef-
fective biquadratic exchange with a positive sign [15–19].
In a different context, a positive biquadratic exchange
was shown to be generated by surface roughness in fer-
romagnetic multilayers [20], where it leads to the ex-
perimentally observed 90◦ orientation of magnetizations
[21, 22].
Our work is motivated by a search for direct ex-
perimental evidence for a disorder-induced positive bi-
quadratic exchange in bulk frustrated magnets. We also
seek to verify experimentally the fluctuation nature of the
ground state of a pure TLAF and to observe the compe-
tition between static and dynamic disorder. The mate-
rial chosen for the study is RbFe(MoO4)2, a magnetic
compound featuring triangular-lattice layers of Fe3+ ions
with semiclassical S = 5/2 spins. The system has an
easy-plane magnetic anisotropy with the plane parallel to
layers and exhibits a 1/3 magnetization plateau only for
H ⊥ c (the c axis is normal to the Fe3+ layers) [23, 24].
Random exchange-bond modulations in triangular lay-
ers is achieved by substituting K for Rb in the interlayer
space. In this Letter we present experimental results that
demonstrate a rapid disappearance of the plateau on K-
doping, whereas the Ne´el temperature TN, the saturation
fieldHsat, and the antiferromagnetic resonance gap ∆ are
all changed by less than 15%. Furthermore, the electron
spin resonance (ESR) measurements also reveal a drastic
change of the spin structure with doping at fields below
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FIG. 1. (Color online) Left, dM/dH vs field curves for the
Rb1−xKxFe(MoO4)2 crystals with different x, measured in
the pulse field H ⊥ c at T = 1.4 K. Parameters a and c are
used to define a plateau quality factor Q (see main text). In-
set, M(H) and dM(H)/dH curves taken for a pure sample
at the same temperature in steady fields using a vibrating
sample magnetometer. Right, dM/dH vs field curves for the
x = 0.15 sample measured in the pulsed field H ⊥ c at differ-
ent temperatures.
the plateau.
The crystals of Rb1−xKxFe(MoO4)2 were prepared as
previously described [8]. In addition to a controlled
amount of K, about 1 atomic percent of Al was also
found in some samples. This aluminum impurity, prob-
ably comes from the corundum crucible and is a likely
reason for the observed dispersion in TN of about ±0.2 K
for the samples with the same x. In the limiting case of
KFe(MoO4)2 (x=1) we get a∼ 50% reduction of the prin-
cipal exchange constant [25]. The magnetization curves
M(H) and susceptibility were studied by means of the
vibrating sample magnetometer in magnetic fields up to
10 T and by a pulsed field method in the 30 T range
using the 55 T magnet at the AHMF center in Osaka
University. Multifrequency 25–150 GHz ESR was used
to determine zero-field energy gap in AHMF center and
to derive frequency-field diagrams and angular dependen-
cies of ESR absorption in Kapitza Institute.
The magnetization plateau for the pure sample (as
illustrated in the inset of Fig. 1) is clearly marked by
a significant reduction in the derivative, dM/dH , mea-
sured for H ⊥ c. The development of the dM(H)/dH
curves on doping is presented in the left panel of Fig. 1.
At T = 1.4 K the decrease in the dM/dH value on the
plateau becomes smaller with doping, and for x = 0.15
the plateau completely disappears. However, the temper-
ature evolution of dM(H)/dH curves for this x = 0.15
sample shows, that the plateau is restored, at least par-
tially, on heating. The local minimum in the derivative
appears again near 6 T for T = 2.8 K and remains clearly
visible at 3.0 and 3.5 K, as shown in Fig. 1, right panel.
We present here only the records of the dM(H)/dH
curves for decreasing magnetic field, as this sweep direc-
tion helps to avoid the sample heating caused by a mag-
netocaloric effect. The full collection of the dM(H)/dH
curves for both increasing and decreasing fields is given
in Supplemental Material [26].
We introduce a quality factor, Q = 1 − a/c, to char-
acterize the magnetization plateau. Here a is the value
of the dM/dH at its minimum on a plateau and c is the
value of the dM/dH for the fields between the plateau
and magnetization saturation, as defined in Fig. 1. For
an ideal, perfectly flat plateau Q = 1, while Q = 0 cor-
responds to the absence of the plateau. The dependence
of Q on doping and temperature (see Fig. 2) shows a
disappearance of the plateau on doping and its restora-
tion on heating. The value of Hsat is defined as a field
where dM/dH decreases by 50% compared to its value
just above a plateau. The value of µ0Hsat measured at
T = 1.4 K decreases on doping from 18.6 T in a pure
sample to 16.7 T for x = 0.15. An empirical width of
the field transition to a saturation, estimated as a field
interval where the dM/dH varies between 0.75 and 0.25
of the maximum value is 0.3 T for the x = 0 sample, and
it increases to about 1.0 T for the x = 0.15 sample, but is
still much smaller than the saturation field itself. Using
a similar criterion, that the change of derivative dM/dT
varies between 0.75 and 0.25 of the maximum value, the
transition width ∆T at TN can also be estimated. ∆T is
about 0.1 K for all x, except x = 0.05 where it is 0.3 K,
thus showing that the transition region is significantly
smaller than TN. On doping, the value of TN decreases
from 4.1 for x = 0 to 3.0 K for the x = 0.15 sample. The
x-dependencies of the normalized values of TN and Hsat
are presented in the left panel of Fig. 2.
The ESR spectra of a nominally pure sample (left pan-
els of Fig. 3) have an energy gap of ∆0 ≃ 90 GHz and for
H ⊥ c consist of the two frequency branches, ascending
and descending with an applied magnetic field in agree-
ment with the previous results [8, 24]. The ascending
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FIG. 2. (Color online) Left panel, normalized values of Ne´el
temperature TN, saturation field Hsat, excitation gap ∆ and
plateau quality factor Q vs doping. Right panel, plateau qual-
ity factor Q vs temperature for samples with different doping
concentration. Dashed lines are guides to the eyes.
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FIG. 3. (Color online) Frequency-field diagrams of the
Rb1−xKxFe(MoO4)2 samples for x = 0 (left-hand side panels)
and x = 0.15 (right-hand side panels). The top and bottom
panels show the ESR frequencies for H ⊥ c and H ‖ c, re-
spectively. The experimental results (symbols) are compared
to the calculations (solid lines) for the Y/umbrella structure
with J = 1.1J0, D = D0 for x = 0 and for the inverted Y
(Y)/umbrella state with J = 0.9J0, D = D0 for x = 0.15, see
main text for the notations. Dashed lines represent a calcula-
tion for the Y state with K/J = 0.01, while the ellipse covers
a wide area of a weak absorption.
branch is split into two closely-positioned branches, (A)
and (B), by the weak interplane interactions. The fre-
quency of the descending branch, (C), is reduced almost
to zero for the field approaching the lower boundary of
the plateau, while another mode, (D), of a higher fre-
quency, appears near the entrance of the plateau. Modes
in the middle of the plateau (E) and at the upper bound-
ary (F) are also detected in qualitative agreement with
the theory [6] and previous experiments [8]. Finally, a
weakly-absorbing mode (G) near 30 GHz appears due to
a splitting of the zero-frequency mode [8]. A full record
of the microwave absorption vs magnetic field at different
frequencies is given in Supplemental Material [26].
The frequency-field dependencies for the x = 0.15 sam-
ple are shown in the right-hand panels of Fig. 3. The
gap ∆ is reduced to (75 ± 5) GHz on doping, its evo-
lution with doping concentration x is shown in Fig. 2.
For a pure sample, ESR lines are observed both above
and below ∆0 for H ⊥ c while for the x = 0.15 sam-
ple only the ascending ESR branch is detected. The de-
scending ESR branch either disappears or transforms in
a field-independent mode on doping. For the field, H ‖ c,
both the ascending and descending branches are visible
for pure and all doped samples, see lower panels in Fig. 3
and [26]. The angular dependence of the ESR absorp-
tion, presented in [26] reveals, that upon rotating from
H ‖ c to H ⊥ c, the ESR line of the descending branch
is smeared at a deviation from the c axis and disappears
completely for H ⊥ c in the x = 0.15 sample, while it is
conserved in a pure sample. This observation gives a di-
rect confirmation of the disappearance of the descending
ESR branch on doping.
To model the observed behavior of doped
RbFe(MoO4)2, we use the spin Hamiltonian
Hˆ =
∑
〈ij〉
JijSi · Sj +D
∑
i
(Szi )
2 − gµB
∑
i
H · Si . (1)
The nearest-neighbor exchange constant Jij is assumed
to have weak random variation between the bonds:
Jij = 〈Jij〉 + δJij , 〈δJijδJkl〉 = δJ2δij,kl, δJ ≪ J =
〈Jij〉. Inelastic neutron scattering experiments yield J0 =
0.086 meV and D0 = 0.027 meV for RbFe(MoO4)2 [27].
The effect of bond disorder and/or thermal and quan-
tum fluctuations can be semi-quantitatively represented
by adding a biquadratic term
HˆB = K
∑
〈ij〉
(
Si · Sj
)2
. (2)
For the purely Heisenberg model (1) with D = 0,
δJij = 0, the quantum fluctuations contribute KQ ≃
−J/(24S3) [28]. A negative sign for the biquadratic con-
stant K means that fluctuations select the most colin-
ear/coplanar states resulting in a standard sequence of
the ordered states as the field increases, see Fig. 4(a)–
(c) [6]. A frozen bond disorder instead generates a pos-
itive biquadratic contribution, Kdis = δJ
2/(3JS2) [15].
For (δJ/J)2 > 1/(8S), the disorder effect becomes dom-
inant and the stable magnetic states are found by mini-
mizing a Hamiltonian, which combines (1) and (2) with
K > 0. One can straightforwardly verify that in such a
case the least collinear states are energetically preferred.
For the planar spin system (D > 0), this is the inverted Y
H
(a) (b) (c)
(d) (e)
FIG. 4. Spin structures appearing for the pure TLAF in an
applied field: (a) the Y state, (b) the uud state, (c) the 2:1
state. Spin structures of a planar triangular antiferromagnet
in the presence of structural disorder: (d) Y state and (e) the
fan state.
4(Y) state, Fig. 4(d), which continuously transforms into
the fan state in higher fields, Fig. 4(e). Small variations
in the direction of the local anisotropy axis may also con-
tribute to a lifting of the degeneracy and Kdis, but this
weak effect is ignored as D < J .
The two possible low-field magnetic structures, the Y
and the Y states, have qualitatively different ESR spec-
tra for in-plane orientations of an applied field. This
fact fully agrees with the idea of an order-by-disorder ef-
fect, which relates the lifting of degeneracy in frustrated
magnets to the excitation spectra of the different ground
states [29, 30]. Performing the standard spin-wave calcu-
lations for (1) we obtain two two resonance frequencies:
ω1 = 3JS
√
d(1∓ h)(3± h) , d = D
3J
ω2 = 3JS
√
2d+ h2 + d(1 ± h)2 , h = gµBH
3JS
, (3)
where the upper/lower sign corresponds to the Y/Y
state. The third ESR branch vanishes in the harmonic
approximation ω3 = 0 reflecting the remaining classical
degeneracy.
For H ⊥ c, the ESR frequencies of pure RbFe(MoO4)2
shown in the upper left panel of Fig. 3, are accurately
described by the expressions (12) for the Y state with
J = 1.1J0 and D = D0, the values that are marginally
different from the ones obtained in the neutron scattering
experiments [27]. The agreement between theory and ex-
periment is good despite presence of the incommensurate
spiral state in low fields [3], which may indicate signif-
icant Y-type distortions of the spiral structure induced
by an external field. The same microscopic parameters
also nicely fit the ESR data for H ‖ c, the lower left
panel of Fig. 3, see also [26]. The characteristic feature
of the ESR spectra for the Y state (H ⊥ c) is the de-
scending branch ω1(H) that corresponds to the out-of
plane oscillations of the two spin sublattices about the
field direction, while the third sublattice remains paral-
lel to the field. The frequency of this mode decreases to
zero upon a transition into the collinear uud structure
at µ0H ≈ 6 T. In contrast, the frequency of the same
mode for the Y state, which remains noncollinear, ex-
hibits little variation in the corresponding field region.
Thus, the absence of the descending ESR branch for the
doped samples for H ⊥ c clearly indicates a change of
the spin structure. We compare the ESR data for the
x = 0.15 doped sample with the theoretical frequencies
(12) for the Y state on the upper right panel in Fig. 3. A
somewhat smaller averaged value of J = 0.9J0 (D = D0)
used for the fit is consistent with a local reduction of the
exchange interaction induced by K impurities.
The biquadratic interaction (2) has been derived as an
effective potential in the manifold of degenerate classical
ground states [28]. Nevertheless, the effect of structural
disorder on the q = 0 excitations in the Y state beyond
substituting averaged J and D can be estimated by ex-
plicitly including HˆB in the calculations. One should
bear in mind that an effective biquadratic interaction is
rather weak. Using Kdis = δJ
2/(3JS2) [15] and noting
that the local δJ/J ≃ 50%, we find that the biquadratic
constant does not exceed Kdis/J = 0.01–0.02, whereas
KQ/J ≃ −3×10−3. We show in the upper right panel of
Fig. 3 the ESR modes computed for J = 0.9J0, D = D0,
and K/J = 0.01. The main qualitative effect of HˆB is
a nonzero value for ω3, which reflects a lack of degener-
acy, whereas the shift of the two upper modes is indeed
tiny. The resonance frequencies for the third branch are
too small to be detected in the ESR spectrometers used
here.
One can see in Fig. 2, that the plateau quality Q
changes drastically with doping, whereas TN, Hsat and
∆ exhibit a weak linear dependence on x. The samples
with the plateau suppressed or canceled by the impurities
still demonstrate a sharp Ne´el transition, shifted down in
temperature from TN in a pure sample. The behavior of
TN, Hsat and ∆ shows that the exchange interaction is
not strongly affected on doping. A sharp Ne´el transition
and a step-like change in dM/dH at saturation confirm
the absence of the macroscopic inhomogeneities in the
samples studied. Thus, the observed disappearance of
the plateau and the change of the ground state in low
fields should only be ascribed to the influence of a ran-
dom potential. This statement is confirmed by the ob-
served partial restoration of a plateau in doped samples
on heating (see Fig. 2). Indeed, according to Ref. [15],
the region of the uud-phase (1/3-plateau phase) in the
T −H phase diagram is shifted to a higher temperatures
on doping.
In conclusion, the observed doping-induced changes
of the magnetization curves and the magnetic reso-
nance spectra of RbFe(MoO4)2 reveal a transition from
a collinear up-up-down structure, stabilized by fluctu-
ations, to a fan structure supported by a weak static
disorder, as well a transformation of the lower-field spin
structure from the Y-type to an inverted Y-structure.
Our experiments establish the fluctuation origin of the
1/3-plateau and the Y-type phases and show that the
ground state selection process is affected by a strong com-
petition between structural disorder and thermal fluctu-
ations. The structural disorder is found to lead to a pos-
itive biquadratic exchange. We observe a fundamentally
different behavior between pure and lightly doped sam-
ples on heating, which results in the restoration of the
magnetization plateau in the doped materials, while in
a pure crystal the plateau is removed. These observa-
tions provide convincing confirmation of the competition
between thermal and quenched disorder, demonstrating
that the negative biquadratic term arising from thermal
fluctuations once again dominates at higher temperature.
Disorder-induced modifications of the magnetic structure
may also be used to control multiferroicity of TLAFs and,
perhaps, of other spiral antiferromagnets.
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6Supplemental Material for
“Order by quenched disorder in the triangular
antiferromagnet RbFe(MoO4)2”
SAMPLE PREPARATION AND
CHARACTERIZATION
The crystals of Rb1−xKxFe(MoO4)2 were prepared as
previously described [1]. The K content was determined
by means of energy-dispersive X-ray spectroscopy. The
crystal structure was checked by powder and single crys-
tal X-ray diffraction and confirmed the crystal group
as P3m¯1 with the room-temperature lattice parameters
a = 5.69 A˚ and c = 7.48 A˚ for x = 0. The c axis ex-
hibits a monotonic decrease with doping, for x = 0.15
this decrease is (0.030± 0.015) A˚.
A small amount of aluminum impurity, about 1 atomic
percent, was also found in some samples. The aluminum
impurity probably comes from the corundum crucible.
Being random and uncontrolled, it is the likely reason
for the observed dispersion of about 0.2 K in the Ne´el
temperature for the samples with nominally the same
content of K. For example, two nominally pure samples
have different Ne´el temperatures: sample 1 with TN =
(4.1 ± 0.05) K and sample 2 with TN = (3.7 ± 0.05) K.
Similarly, for the two samples with x = 0.075, the order-
ing temperature varies between 3.4 and 3.7 K.
EXPERIMENTAL RESULTS
Magnetization curves
The susceptibility vs temperature, χ(T ), dependencies
are shown in Fig. 1, the temperature dependence of the
derivative dχ/dT is presented in Fig. 2. The suscepti-
bility measurements were made with the magnetic field
applied perpendicular to the c axis, where a kink of χ(T )
clearly marks the Ne´el temperature TN. The derivative
dχ/dT has a negative sign at temperatures above the
kink and is positive below the Ne´el point and, thus, shows
a jump with a value of δ at the critical point. It is clearly
seen in Fig. 1 that the Ne´el transition in doped samples
is almost as sharp as in the pure samples. We estimate
the width ∆T of the Ne´el transition as the temperature
interval where the change of dχ/dT varies between 0.25
and 0.75 of the total jump δ. The width of the Ne´el
transition is less than 0.3 K (see Fig. 2) for all doped and
pure samples, which is small in comparison to the Ne´el
temperature itself.
The 1/3 magnetization plateau, which is the remark-
able feature of RbFe(MoO4)2, is observable at the in-
plane (H ⊥ c) orientation of the magnetic field, and is
clearly marked by the drop of the derivative dM/dH near
the field of Hsat/3, i.e. near 6 T. The dM/dH curves of a
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FIG. 1. Magnetic susceptibility vs temperature of
Rb1−xKxFe(MoO4)2 samples. The data for the x = 0, sample
1 are taken in a magnetic field of 0.05 T, while other curves
are taken in a field of 0.1 T. The magnetic field is applied
perpendicular to the c axis. The curves are vertically offset
for clarity.
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FIG. 2. Temperature derivative of the magnetic susceptibil-
ity, dχ/dT for the Rb1−xKxFe(MoO4)2 samples with different
doping concentration. The curves are offset for clarity.
nominally pure sample with TN = (4.1±0.05) K recorded
in a pulsed field in the whole range including the satura-
tion field 18.6 T are presented in Fig. 3 and are analogous
to those previously observed in Ref. [2]. The duration of
the pulse of the magnetic field is 7 ms.
The changes in the magnetization curves, which arise
at intermediate doping of x = 0.075, are shown in Fig. 4:
here we see, that at the lowest temperature 1.4 K, the
drop of dM/dH in the plateau range is much smaller
than in the pure sample. Nevertheless, the plateau still
remains observable, in contrast to the sample with x =
0.15, where it disappears completely at T = 1.4 K (see
main text). The temperature dependencies of dM/dH
7curves for x = 0.075, presented in Fig. 4 demonstrate
that the plateau, marked by a drop of the derivative near
6 T, is restored by an increase in the temperature. At
a temperature of about 3 K the plateau is again well
pronounced: the drop of dM/dH is about a half of that
of a pure sample, while at T = 1.4 K this drop is only
one sixth of the drop in a pure sample.
The plateau recorded in the pulsed field usually has a
Q-value (see definition of Q in the main text), which is
10-20% lower than that recorded by the vibrating sam-
ple magnetometer in a steady field. This is probably
due to a finite time resolution of the recording system
and a finite relaxation time of the spin system. Sweeping
through the field interval of 0.2 T at the plateau entrance,
where dM/dH is quickly changing, takes about 15 µs,
this may be comparable or several times longer, than the
relaxation time of the spin system of an antiferromagnet.
The hysteresis of the dM/dH curves near the saturation
field is due to the magnetocaloric effect, as described in
Ref. [2]. Due to the magnetocaloric effect the sample is
slightly heated during the magnetization process, while
during the demagnetization it is cooled. Because of this,
we observe a larger saturation field when the field is re-
duced from the maximum value to zero, than during the
field sweep from zero to the maximum value. The satura-
tion fields and values of the plateau quality Q are quoted
for the “down”-records of dM/dH .
Electron spin resonance
Electron spin resonance (ESR) absorption lines were
recorded as magnetic field dependencies of the microwave
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FIG. 3. Magnetization derivative curves dM/dH for a pure
RbFe(MoO4)2 sample measured in a pulsed field for H ⊥ c.
Both increasing and decreasing field records are shown.
power, transmitted through the resonator with the sam-
ple. The diminishing of this transmission indicates an
increase in the absorption. A small amount of diphenyl-
picryl-hydrazyl (DPPH) was used to mark the ESR field
of free spins at the Larmor frequency fL = 2µBH/h.
Figure 5 presents a comparison of the 26.9 GHz ESR
absorption lines for a pure and two doped samples with
x = 0.075 and 0.15 at the lowest temperature T = 1.3 K.
At this frequency the pure sample exhibits three reso-
nances marked as C, E, F (the labels are the same as in
the frequency-field diagram of Fig. 3 in the main text) in
the plateau range, while for x = 0.075 these modes are
of much lower intensity and for x = 0.15 they disappear
completely, analogous to the plateau itself.
Figure 6 presents the temperature evolution of the ESR
absorption of the x = 0.15 sample at a frequency of
26.9 GHz. We see that the absorption features, sup-
pressed by doping for low temperature, are partially re-
stored by heating above 2 K, analogous to the restoring
of the plateau observed in the magnetization measure-
ments described in the main text. On heating above the
Ne´el temperature, the ESR line transforms into a regular
Lorentzian absorption curve at the resonance field of the
Larmor precession 0.96 T.
A comparison of ESR responses of pure and doped
(x = 0.15) samples at different frequencies f is presented
for the in-plane magnetic field in Fig. 7. These records
enable one to reconstruct the f(H) dependencies, pre-
sented in Fig. 3 in the main text. Figure 7 illustrates
the disappearance of the descending branch of the anti-
ferromagnetic resonance spectrum in the x = 0.15 sam-
ple. Indeed, we can see that the ESR lines are clearly
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FIG. 4. Magnetization derivative curves dM/dH for the
Rb1−xKxFe(MoO4)2 sample with x = 0.075 measured at dif-
ferent temperatures in a pulsed field for H ⊥ c. Both increas-
ing and decreasing field records are shown.
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FIG. 5. Normalized ESR absorption curves (H ⊥ c) for the
Rb1−xKxFe(MoO4)2 samples with x = 0, 0.075 and 0.15.
pronounced at frequencies below the 90 GHz gap for a
pure sample. At the same time, there are no visible res-
onance lines at the frequency below the 75 GHz gap for
the x = 0.15 sample. On heating both the pure and the
doped samples to a temperature of about 10 K, the Lar-
mor frequency line of the same amplitude appears in both
cases. At a frequency below the gap for the doped sam-
ple (75 GHz), the record of the microwave power trans-
mitted through the resonator does not have a resonance
shape and demonstrates only a weak variation of trans-
mitted signal with magnetic field, see Fig. 8. This is to
be compared with pronounced ESR lines of the descend-
ing branch of the pure sample or of the doped sample for
H ‖ c.
For the magnetic field directed perpendicular to the
planes of magnetic layers (i.e. H ‖ c), we observe the as-
cending and descending branches both for the pure and
the most highly doped x = 0.15 samples, see Fig. 9. To
confirm the phenomenon of the disappearance of the de-
scending branch for H ⊥ c, we studied the evolution of
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FIG. 6. Temperature evolution of the ESR absorption curve
for the Rb1−xKxFe(MoO4)2 sample with x = 0.15. Narrow
ESR signal in a magnetic field of 0.96 T is a DPPH marker.
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FIG. 7. Normalized ESR absorption curves for the in-plane
magnetic field for Rb1−xKxFe(MoO4)2 samples with x = 0
and 0.15 for different frequencies. The gain is normalized to
the intensity of the paramagnetic resonance signal at T =
10 K. Dashed lines in left panel are guides to the eye: blue
lines are for the AB-doublet of the ascending mode and for
the descending mode C, black line is a DPPH label, red line is
mode D at the right boundary of the plateau range. Dashed
lines in the right panel are guides to the eye for the ascending
branch (red line) and for a DPPH mark (black line).
ESR records while gradually rotating the magnetic field
from the H ‖ c orientation to the in-plane orientation
at a frequency below the gap for the pure sample and
for the x = 0.15 sample. The results are presented in
Fig. 10. One can see here, that for the doped sample
the ESR line is smeared on rotation and is transformed
into a curve which does not have a resonance shape and
demonstrates only a weak variation with magnetic field.
At the same time, for the pure sample, the resonance ab-
sorption curve of the descending ESR mode survives the
process of a rotation. The increase of the linewidth of the
pure sample, observed as a result of the rotation of the
magnetic field to the in-plane direction may be naturally
explained by the decrease of the absolute value of df/dH
from H ‖ c to H ⊥ c, as observed in Ref. [2].
For the families of ESR curves presented in Figs. 7,
9 and 10 the gain is adjusted to keep the integrated in-
tensity of the ESR signal at T = 10 K equal for all fre-
quencies. This ensures that the records made at different
frequencies and at different positions in the resonator are
taken at the same sensitivity to microwave absorption in
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FIG. 8. Weak microwave absorption in the vicinity of 74 GHz
in the x = 0.15 sample for H ⊥ c and T = 1.3 K (black
lines). Blue lines show the microwave transmission at higher
temperature, with the same gain of a detector circuit. Narrow
ESR signals are from a DPPH marker.
the sample.
The ESR absorption demonstrates a distinct difference
in angular dependance of the lower branch for the pure
and doped samples. This shows the disappearance of
the low-frequency absorption on rotation of the magnetic
field in a doped sample, while for the pure sample this
branch survives both for the in-plane and out-of plane
fields.
THEORY
We present here the calculation of the ESR spectrum
for the conical/umbrella state which have been used to
describe the experimental results for RbFe(MoO4)2 for
magnetic fields applied along the c axis. We use the
nearest-neighbor spin Hamiltonian without bond disor-
der:
Hˆ = J
∑
〈ij〉
Si · Sj +D
∑
i
(Szi )
2 − gµB
∑
i
H · Si . (1)
For the easy-plane anisotropy and H ‖ zˆ spins form the
conical state described by the rotation angle θi = Q ·Ri
in the x–y plane and by the out of plane tilting angle
α. The transformation between the laboratory frame
x0, y0, z0 and the rotating spin frame associated with the
local sublattice orientation is given by
Sx0i = −Sxi sin θi + cos θi(Szi cosα− Syi sinα) ,
Sy0i = S
x
i cos θi + sin θi(S
z
i cosα− Syi sinα) , (2)
Sz0i = S
y
i cosα+ S
z
i sinα .
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FIG. 9. Normalized ESR absorption curves for the
Rb1−xKxFe(MoO4)2 samples with x = 0 and 0.15 for dif-
ferent frequencies. Magnetic field is applied perpendicular to
magnetic layers. Dashed lines are guide to the eye: blue lines
are for antiferromagnetic resonance, black line is a DPPH
marker.
The first two terms in the spin Hamiltonian (1) are ex-
pressed in the local frame as
Si · Sj = −1
2
Szi S
z
j (1− 3 sin2 α)−
1
2
Sxi S
x
j +
+ Syi S
y
j (1− 32 sin2 α) + (Sxi Syj − Syi Sxj ) sinα sin θij (3)
+
3
4
(Szi S
y
j + S
y
i S
z
j ) sin 2α+ (S
z
i S
x
j − Sxi Szj ) cosα sin θij ,
where we have substituted cos θij = −1/2, and
(Sz0i )
2 = (Szi )
2 sin2 α+ (Syi )
2 cos2 α+
+ (Szi S
y
i + S
y
i S
z
i ) sinα cosα . (4)
Then, the classical energy is given by
Ecl/N = −3
2
JS2(1−3 sin2 α)+DS2 sin2 α−gµBHS sinα .
(5)
Minimization over the tilting angle yields sinα = H/Hs,
where the saturation field Hs is expressed as
gµBHs = 9JS + 2DS . (6)
We use the truncated Holstein-Primakoff transforma-
tion
Sxi =
√
S
2
(ai + a
†
i ) , S
y
i = −i
√
S
2
(ai − a†i ) ,
Szi = S − a†iai (7)
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FIG. 10. Normalized ESR absorption curves for the
Rb1−xKxFe(MoO4)2 samples with x = 0 and 0.15 for dif-
ferent orientations of the magnetic field on rotation from the
in-plane to normal-to-plane direction.
to obtain the harmonic spin-wave Hamiltonian. The
second-order bosonic terms are
Hˆ2 =
∑
i
{[
gµBH sinα+DS(1− 3 sin2 α)
]
a†iai
− 1
2
DS cos2 α(a2i + a
†2
i )
}
+ JS
∑
〈ij〉
{
1
2
(1− 3 sin2 α)
×[a†iai + a†jaj + 12 (a†iaj + a†jai)]− 34 cos2 α(aiaj + a†ja†i )
− i sinα sin θij(a†iaj − a†jai)
}
. (8)
The Fourier transformed harmonic Hamiltonian takes the
form
Hˆ2 =
∑
k
(Ak +Ck) a
†
kak −
1
2
Bk (aka−k + a
†
ka
†
−k) , (9)
where
Ak = 3JS +DS cos
2 α+
3
2
JSγk(1− 3 sin2 α) ,
Bk =
9
2
JSγk cos
2 α+DS cos2 α , (10)
Ck = 3JS sinα(γk+Q − γk−Q) ,
and γk =
1
3
(cos kx +2 cos(kx/2) cos(
√
3k2/2). Note, that
Ak and Ck are even and odd functions of the momen-
tum k, respectively. Performing the standard Bogoliubov
transformation we obtain the full magnon dispersion as
ǫk =
√
A2k −B2k + Ck . (11)
The ESR modes correspond to magnons with momenta
k = 0 and ±Q. The former mode has zero energy ǫ0 ≡ 0
related to the continuous rotational degeneracy about the
field direction. The other two modes give the ESR gaps
ω1 =
9
2
JS
[√
sin2 α+ (4D/9J) cos2 α+ sinα
]
,
ω2 =
9
2
JS
[√
sin2 α+ (4D/9J) cos2 α− sinα
]
(12)
that have been used to fit the experimental data forH ‖ c
both for pure and doped samples.
As noted in the main text, for pure samples the fitting
parameters are J = 1.1J0 and D = D0, and for x = 0.15
sample J = 0.9J0 (D = D0), in a correspondence with
a reduction of the exchange interaction induced by K
impurities.
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